Spontaneous elongation from nanorod to nanowire in the presence of an amine is reported for nanocrystals of cadmium sulfide and silver sulfide (cation exchanged from CdS). Elongation occurs instantaneously where the final aspect ratio is a controllable multiple of the original nanorod length.
Introduction
The discovery that selective surfactant passivation can tune growth in colloidal nanocrystals along a specific growth direction to form nanorods has led to several shape specific applications. Compared to pseudo-spherical nanocrystals, nanorods exhibit higher photon absorption cross sections, optical gain lifetimes, stronger electric dipoles, and linearly polarized emission of light. [1] [2] [3] [4] [5] [6] [7] These properties have resulted in nanorod integration in particular as LEDs, 8, 9 single electron devices, 10, 11 and type II solarcells. 12 In a typical II-VI colloidal nanorod synthesis, e.g. CdS, after initial nucleation through injection of monomer, preferred growth along the (001) direction occurs in the presence of selected surfactants which passivate competing growth facets. Typically growth occurs atom by atom at approximately 1 nm per minute until all the monomer is used. The separation of the nucleation and growth phases allows a high yield of nanorods with monodispersity in both length and diameter. 13 In a single injection, aspect ratios (L/D) of up to 6 are achievable, with additional drop wise monomer injection typically needed to achieve longer nanorods or nanowires. A disadvantage to sequential injection is, in addition to further (001) growth on each rod, the additional injections result in further nuclei with a resultant increase in polydispersity. 14 Also, the ratio of stacking faults in the elongated nanowires is significantly larger than in a single injection synthesis. 15, 16 The crystal structure of the initial 'seed nanocrystal' determines whether a single growth direction or several (branched growth) occurs.
Oriented attachment is an attractive route for the formation of high aspect ratio nanowires occurring from the sequential amalgamation of existing nanocrystals in solution along a preferred facet. The attachment is thermodynamically favoured on the facet containing the largest number of dangling bonds which leads to the removal of surface energy which is kinetically favoured at the nanoscale. 17 The formation of nanowires (aspect ratio > 10) and nanorods (aspect ratio < 10) from oriented attachment of pseudo-spherical nanocrystals has been observed in a wide range of semiconductor nanocrystals including II-VI [18] [19] [20] [21] [22] ,V-VI 23,24 , IV-VI [25] [26] [27] and I-VI 28 systems. In general, the attaching nanoparticles must be ligand free on the joining facet, for attachment to occur and several reports demonstrate 2 oriented attachment only after selective removal of surfactant capping ligands. [29] [30] [31] Two distinct types of oriented attachment are reported, perfect and imperfect, depending on whether the area at which the nanocrystals fuse is apparent in the resulting nanorod. 22, 32, 33 The type of attachment is largely determined by the extent of Ostwald ripening which occurs in solution allowing the formation of a crystallographically smooth interface. Although oriented attachment occurs nanocrystal by nanocrystal, it is difficult to control the final aspect ratio, with a significant polydispersity in the resultant nanowires observed in approaches reported to date.
In contrast to 0D-0D nanocrystal oriented attachment, 1D-1D attachment has not been significantly observed most likely due to the steric barrier to orientation in solution. Here we report a post synthetic, solution based process that leads to the instantaneous oriented attachment of both CdS and Ag 2 S (cation exchanged from CdS) nanorods into monodispersed nanowires. The reaction is initiated by the addition of an amine which selectively depassivates the (001) facets allowing end to end fusion. Through a series of amine washing steps the nanorod length can be elongated to either double, triple or quadruple the original nanorod length with excellent control. In experiments where either one or both ends of the CdS nanorods were tipped with gold prior to elongation, doubling of the rod length occurred in asymmetrically tipped rods with no elongation in their symmetrically tipped analogues. This facile approach to nanorod elongation will likely find significant application where high aspect ratio nanorods are needed in both high yields and monodispersity.
Experimental Section
Additional experimental detail can be found in supporting information (S1-S2).
Washing
Step to elongate the nanorods. In a typical reaction 0.018 mol amine was injected into 15 ml of nanorod solution (1.77 -5 M) and the resulting mixture was sonicated for 30 seconds before being precipitated with acetone. The solution was then centrifuged at 3000 rpm for 3 minutes. The supernatant (colourless) was decanted off and the above process repeated for additional elongation steps. For time and temperature dependent reactions there was no centrifugation or sonication step, 3 showing that agitation was not necessary for this elongation process to work.
Gold Tip growth.
Gold tip growth on the nanorods was performed according to previously reported methods. 34 The gold solution consisted of 22.5 mg of Dodecylamine (DDA), 12.5 mg of didodecyldimethylammoniumbromide (DDAB), 4 mg of AuCl in 2 ml of anhydrous toluene. The solution was prepared under nitrogen and was sonicated for 5 minutes before use. The cadmium sulfide nanorods solvated in toluene was placed in a three neck flask under a flow of argon. The gold solution was injected swiftly into a vigorously stirred mixture. The reaction was allowed to proceed for two to thirty minutes (depending on whether asymmetric or symmetric gold growth was required) before being quenched with methanol. Figure 1a shows a TEM image of CdS nanorods, synthesized by the colloidal route which yielded a mean length of 34 nm as shown by the size distribution curve (Figure 1g ), measured from several TEM images. This nanorod solution in toluene (15ml of 1.77 -5 M), was subjected to amine (0.018 mol) wash for 30 and 120 seconds. The nanorods showed noticeable elongation after 30s, with random doubling and tripling of a significant percentage of the nanorods (Figure 1b ). After 120 seconds exposure, further elongation is observed where the majority of rods at 100 nm and 130 nm respectively are now triple or quadruple the starting rod length (Figure 1c ). The rate of elongation is also dependent on amine concentration and this was verified when the amine concentration was increased (0.030 mol) and the above experiment was repeated. After 30 seconds, the nanorods have mainly tripled and quadrupled in length ( Figure 1d ). The introduction of agitation through sonication was also effective in further reducing the reaction time for elongation. For example at lower concentrations of amine (0.018 mol), after 30 seconds (Figure 1e ), a uniform bimodal distribution centered around 66 and 101 nm ( Figure 1h) corresponds to doubling and tripling of the nanorod length. An additional injection of amine and agitation for another 30 seconds allows a highly uniform rod length of 131 nm to be obtained with excellent monodispersity in the resultant sample ( Figure 1f ), clearly shown in the size distribution curve ( Figure 1i ). Addition of agitation to the reaction reduces the polydispersity in rod length by creating more fusion events. The elongated rods are epitaxial in the wurtzite crystal structure and show perfect oriented attachment with no visual evidence of the joining area. Regardless of the extent of washing, further elongation was not observed beyond a factor of 4, suggesting a steric barrier to amalgamation when the aspect ratio limits end to end orientation in solution. Whereas the aspect ratio increased from 5 to 20, after the sequential washes the diameter of the nanorods at 7 nm remained unchanged. Some dipods, tripods and tetrapods that were present in the initial synthesis also elongated by oriented attachment of discrete rods on the end of each arm. The elongation process occurred instantaneously and for other amines that are liquid at room temperature such as decylamine, dipropylamine, hexylamine, diethylamine, dioctylamine tripropylamine, propylamine and trioctylamine, with slower reaction rates occurring for solid amines.
Results and Discussion
From the TEM images, we can see that the rod lengths take discrete values, which are multiples of the starting length. The reaction kinetics were modeled using a modification of the mass balance equation 
where ρ is the density, s 0 is the rod basal side-length, h 0,a are the rod growth lengths; N 0 , N(t) and N a (t)
are the initial concentration of non-elongated rods, the time-dependent concentration of non-elongated rods, and the time-dependent concentration of elongated rods, respectively.
Since s 0 = s 1 and h a = a.h 0 , where a is an integer, eq. 1 simplifies to
Assuming the rods are a first-order reactant and that the amine is a catalyst and not a reactant, we get
with k defined as the reaction rate. Integrating this, we get
Since the rod length was determined by TEM image analysis, a length-weighted average particle size is appropriate for determining the average particle size
Using the equations for N a (t)(eq. 2), h a , we get
which simplifies to
The data for the temperature and amine-concentration dependent rod growth was fitted with eq. 8 using a least squares fitting method ( Figure 2 ). The fitting parameters for h 0 , a, and k are presented in Tables 1   and 2.   6 The Arrhenius equation (9) can be used to describe the temperature variation of the reaction rate,
where A 0 is a multiplicative factor, R is the ideal gas constant and T is the temperature, we get an activation energy of 14.3 ± 1.4 kJ/mol for the oriented attachment of the starting nanorods to their final length. This is a low activation energy compared to nanoparticle-nanoparticle attachment, 35, 36 which explains the instantaneous nature of this reaction and also why it occurs at room temperature.
High resolution (HR) TEM, was used to structurally characterize the elongated nanorods. A HRTEM image of two elongated nanorods is shown in Figure 3 (101) reflections, there was a noticeable narrowing of peak width for the (002) reflection. Scherrer analysis showed that the crystallite dimension had increased from 31 nm to 52 nm, implying epitaxial attachment of the elongating rods. It is expected that the nanorods would double from this addition of amine, similar to Figure 1b . The shorter than expected double crystallite dimension can be accounted for by the presence of non-elongated rods and tetrapods in the XRD sample. Instrumental broadening was accounted for by measuring the broadening due to crystals of a crystallite size greater than 250 nm.
Polydispersity in nanorod diameter in the initial nanorods resulted in imperfect oriented attachment after a low concentration amine wash (0.018 mol). In Figure 5a , and further magnified in the inset, the fusion of two nanorods with diameters of 7 and 3 nm respectively is apparent after a single octylamine wash. Although, the diameters are significantly different, there is no evidence of a stacking fault along the (001) direction evident from the high resolution image. In figure 5b , similar fusion of nanorods of differing diameters is highlighted where in high resolution image inset a stacking fault is evident most likely due to infill growth occurring in the zinc blende crystal structure. The fault occurs over 2-3 atomic rows which is typical in anisotropic II-VI nanocrystals. 16 To further investigate the mechanism of nanorod attachment, gold tips were grown symmetrically and asymmetrically onto the (001) facet of cadmium sulfide nanorods, with a starting nanorod length of ~45 nm. Initially a single gold tip was asymmetrically grown onto each nanorod, according to the route described by Banin, 37 as shown in Figure 6a . After a single octylamine wash these nanorods attach via the end facet of the nanorod diametrically opposite the gold tip resulting in a doubling of the starting nanorod length and the formation of symmetrically tipped nanorods (Figure 6b ). Ripening of the gold also occurs during this process as can be seen by the resulting tips in figure 6b where the tip size has almost doubled. When nanorods with gold tips symmetrically grown on the nanorods (Figure 6d ) were subjected to an amine wash no elongation occurs regardless of amine concentration, Figure 6e . Clearly, the presence of gold nanoparticles on both ends of the nanorod prevents end to end fusion. This lack of elongation on nanorods with symmetrically grown gold tips proves that oriented attachment of the nanorods is occurring in this elongation process. The uniform doubling of single gold tipped nanorods shows that solution phase attachment of nanorods is a dynamic process allowing nanorods to find their 8 preferred orientation, at the untipped ends, before amalgamation. Figure 7a where the emission spectra were measured at room temperature with the nanorod sample dispersed in toluene. The PL spectra were fitted using a least-squares method. The spectra of the as synthesized nanorods (curve 1) exhibits two peaks: a narrow weak peak at ~473 nm due to excitonic emission and a broad peak centered at ~500 nm due to carrier recombination due to surface trap states of the CdS nanorod. After a low concentration (0.006 mol) octylamine wash (curve 2) PL analysis revealed that there is a significant intensity increase in excitonic enhancement at ~473 nm and a reduction in surface trap states emission. The trap state emission relates to the surface chemistry and the structure of the nanorod. It has previously been reported that amines, which are electron donation molecules, decrease the amount of trap state emission. 5 partial cation exchange will take place, whereas at high concentrations the CdS nanorods will be fully exchanged. 38 The starting CdS nanorods were approximately 40 nm and remained dimensionally unchanged after the exchange to Ag 2 S nanorods. When these Ag 2 S nanorods were subjected to amine washes attachment occurred at the same rate as CdS nanorods of similar length. These Ag 2 S nanorods contain the same easily destroyed ligands as CdS and so show similar attachment rates. After two octylamine washes these nanorods increased to a monodispersed length of 120 nm (Figure 8b ) and the diameter of 7 nm remained unchanged throughout the washing steps. High resolution images show that the nanorods attach into "perfect oriented attached" nanowires, similar to those previously observed with attached CdS nanowires. The darker regions in both the starting and longer Ag 2 S nanorods are commonly seen for fully cation exchanged Ag 2 S. 38 Equivalent amine washes on other II-VI nanorods; Cadmium Selenide (CdSe) and Cadmium Telluride (CdTe) showed differing results. No elongation occurred with CdSe nanorods in the presence of an amine regardless of concentration or reaction time (see supporting information S3). In CdTe rods, the propensity for branched growth in the initial synthesis was enhanced during amine washing resulting in aggregated 3D network structures (S4) where it was difficult to determine the extent of elongation in a single crystallographic direction although attachment clearly occurs.
To fully understand the varying effects of the amine on the II-VI nanorods, the chemical compositions before and after a single octylamine wash were studied using XPS. High resolution photoelectron spectra of Cd 3d, S 2p, Se 3d, Te 3d and P 2p were measured and quantified to determine the relative atomic concentrations as shown in Table 3 . P 2p appears at a binding energy of 133.1 and corresponds to P-O present in the ligands which are bound to the surface of the nanorods during synthesis. The Cd:P ratio increases significantly for both CdS and CdTe after the amine wash (Table 3) demonstrating partial removal of the ligands during the attachment of the nanorods. Cd 3d and P 2p photoelectron spectra clearly show this change for CdTe and CdS as synthesized and after an octyl amine wash (see supporting information S5). The change in the Cd:P ratio is considerable for CdTe compared to CdS which is consistent with the enhanced degree of rod attachment seen for CdTe after the amine wash.
The change in the Cd:P ratio for CdSe is insignificant and supports the observed absence of oriented attachment. While the extent of Cd-P ratio decrease in elongated CdS nanorods suggests ligand removal is not restricted only to the end facets, it is expected that the greater reactivity of the nanorod ends coupled with the greater thermodynamic stability of higher aspect ratio nanorods is the driving force for elongation. The mutual end to end attraction of the nanorods most likely occurs from dipole attraction due to the non-centrosymmetric wurtzite lattice with attachment along a common crystallographic orientation leading to the greatest reduction in surface energy. We can use the dipole-dipole potential 
to calculate the energy of the dipole attraction between the rods, where μ i are the dipole moments; θ i are the angles between the moments and the displacement vector (R 12 ); and φ is the torsion angle. For aligned identical rods, this simplifies to
where the inter-dipole displacement is given by the rod length. CdSe rods with dimensions of 30 x 5 nm measured by Li and Alivisatos have a dipole moment of 209.9 ± 32.6 D. 6 Since the dipole moment of CdS is 2.19 times that of CdSe, according to calculations by Nann and Schneider, 4 we can estimate that the dipole moment of CdS rods of identical dimensions would be 459.5 ± 71.4 D. Given that the dipole moment is observed to scale linearly with volume, 4, 6 and taking into account that the use of different solvents will lead to a change in the effect of electric depolarisation, we calculate a value of μ = 601 ± 93 D for our CdS starting nanorods. The energy of the dipole attraction is then calculated to be 10.5 ± 3.2 meV. While this is comparable to the Boltzmann thermal energy at 25°C (25.7 meV), it does not exceed it by orders of magnitudes as was observed for the dipole-dipole attraction of spherical nanoparticles. 30 Here the dipole-dipole attraction most likely only acts to orientate the nanorods in solution such that attachment can occur rather than providing the binding force for particle aggregation.
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The reduction in the Cd:S ratio after a single amine wash is also interesting. Considering in a typical wash, as shown in figure 1d , 30% of the nanorods typically double with 70% tripling corresponding to a total surface area reduction of approximately 17%. This correlates closely with the reduction in the Cd:S ratio as calculated from XPS of 18%. This confirms, as expected, that the fusion of nanorods removes dangling bonds of Cd in the elongated with respect to the short nanorods. The greater decrease in Cd:Te ratio compared to Cd:S is also consistent with the greater number of attachment sites required for the formation of a branched 3d network as observed. The absence of ligand removal in CdSe after amine washing suggests a stronger binding of the ligand to the nanorods in this case confirming that selective ligand removal is the necessary requirement for nanorod growth. In the CdSe synthesis the coordinating ligand is tetradecylphosphonic acid (TDPA) whereas octadecylphosphonic acid (ODPA) was necessary for nanorod growth with CdS and CdTe suggesting a comparatively stronger binding of TDPA ligands to II-VI nanorods and the requirement of a stronger depassivating agent for oriented attachment to occur.
Conclusion
In summary we present an instantaneous approach that leads to the controllable end to end attachment of CdS and Ag 2 S nanorods by manipulating the surface of the nanorods via an amine wash at room temperature. The acceleration of the oriented attachment is concentration and reaction time dependent and is thermodynamically driven due to the reduction of interfacial surface energy. The sequential nature of the attachment results in highly monodisperse, single crystalline nanorods that are a controllable multiple of the original. Enhancement of electron transport properties is known to occur in single crystal nanowires as a function of length, hence these elongated nanorods are potentially applicable as electrically driven lasers. 39 The Elongated II-VI nanorods may also create more efficient nanorod/polymer solar cells by providing more directed paths for electrical transport and where tuning of the nanorod length to the device thickness can lead to optimal absorption of the incident light. 12, 40 
